Optical switches are among the essential building blocks in optical networks due to their unique role in routing data. In this Letter, for the first time to our knowledge, we have exploited a high-quality factor (Q) optical microresonator combined with the well-known irreversible dielectric breakdown phenomenon to introduce a simple field-programmable on/off optical switch. This simple unit can be thought of as a building block for more complex optical systems with different functionalities. By using this simple unit we have demonstrated an optical fieldprogrammable 2 × 2 switch. After the device is programmed by the user, no external electrical signal is needed to maintain the state of the device. The same approach can readily be adopted to design a field-programmable arbitrary N × N optical switch.
The realization of low-power optical devices for scalable optical interconnects has been of great interest lately. Among the essential building blocks for interconnects, optical switches have received special attention due to their unique role in routing data in complex optical networks. Of particular interest is the development of optical switches that can be configured by the end user [similar to the field-programmable gate arrays (FPGAs) in digital electronics].
Silicon (Si) has been the most highly used material for the implementation of on-chip optical switches due to the low cost, the ease of fabrication, and the possibility of integration with electronics. In fact, the photonics community has witnessed a rapid growth in research on active and passive integrated photonic devices in Si during the past decade. The reconfiguration (or tuning) of Si-based devices has been based mainly on free-carrier dispersion [1] and the thermo-optic effect [2] . The former is the technology of choice for making high-speed switches due to its fast dynamics. Optical comb switch functionality mediated by either free-carrier generation through photon absorption or carrier injection/depletion has already been demonstrated on a Si on insulator (SOI) platform and successfully incorporated in optical networks for data routing featuring extensive data rates of up to 250 Gbps [3] . In such designs, high-Q resonators serve as the building blocks of the system, which offer short transition times (<1 ns), low insertion loss, and sufficient extinction ratios (>10 dB) [3] [4] [5] [6] . Despite the unique features of resonance-based optical devices in Si, a simple approach for forming field-programmable optical devices (e.g., switches) in Si is still missing. In this Letter, we demonstrate the first, to our knowledge, fieldprogrammable optical unit based on the irreversible electrical breakdown of a layer of silicon oxide (SiO 2 ) embedded in a high-Q optical microresonator. In comparison to electronics, this unit nearly mimics the functionality of a simple one-time field-programmable electrical switch for routing optical signals.
The fundamental device that forms the building block for the field-programmable structure is composed of a microdisk resonator (radius ∼3 μm) coupled to an adjacent waveguide (width of 450 nm) formed by electron beam lithography (EBL) and inductively coupled plasma (ICP) etching. The material platform used in this Letter is a high-quality multilayer structure formed by vertically stacked layers of Si, SiO 2 , and Si. This multilayer platform is prepared by direct bonding of two SOI wafers (from Soitec). First, a thin oxide layer (30 nm) is thermally grown on the two SOI wafers. This step leaves 110 nm of Si on the device layer on each wafer. After bonding the two wafers and backside etching, the Si∕SiO 2 ∕Si stack with 110, 60, and 110 nm thicknesses, respectively, is ready. In the next step, the optical devices (i.e., a microdisk with a 3 μm radius in the proximity of an access waveguide along with the grating couplers at the input/ output terminals) are defined through EBL, and dryetched with Cl 2 chemistry in an ICP chamber. A thin (50 nm) pedestal in the bottom Si layer is left unetched and later selectively etched away. Then, the device is cladded under 1.2 μm of SiO 2 through plasma-enhanced chemical vapor deposition (PECVD). Two via holes are opened on top of the disk and on the pedestal, both 1 μm away from the resonator periphery to access the top and bottom Si layers of the disk without interfering with the optical mode of the resonator. Afterward, contacts and pads are defined at these holes through a metallization/liftoff process. Figure 1(a) shows the scanning electron micrograph (SEM) of a ridge waveguide fabricated in this hybrid Si∕SiO 2 ∕Si material platform. Figures 1(b) and 1(c) depict the SEM of the overall coupled waveguide-cavity device and the micrograph of the metallic pads on the fabricated structure, respectively. The operation of the device in Fig. 1(b) is based on coupling the input light (e.g., from an optical fiber) to the waveguide and monitor the output transmission after the resonator as shown in Fig. 1(b) . This transmission characteristic can be altered by applying an electronic signal (i.e., a voltage) between the two electrodes in Fig. 1 
(e).
Assuming the coupled mode theory, the transmission spectrum of an access waveguide coupled to a traveling wave optical resonator can readily be obtained as [7] :
where κ and α are the waveguide-resonator coupling coefficient and the resonator roundtrip transmission (considering both radiation and material losses), respectively. ϕ is the accumulated phase shift observed by the optical field (at wavelength λ) after one complete rotation around the resonator. In a typical high-Q resonator, the loss factor and the coupling coefficient are usually small (i.e., α ≈ 1, and κ ≈ 0), and the waveguide transmission features a rather sharp Lorentzian lineshape at the resonance wavelength of the resonator with zero transmission in the critical coupling regime [7] . In a cavity with high optical loss (i.e., α ≪ 1), the optical field will not build up, and the resonance signatures fade away. Equation (1) suggests that at very high resonator loss (i.e., α → 0), the transmission amplitude approaches unity for all wavelengths (i.e., T Through λ 1 − κ 2 p ≈ 1). Therefore, by using a mechanism to permanently convert a low-loss cavity to a high-loss one, we can form a onetime configurable on/off switch for operation in the resonance bandwidth of the cavity. We use dielectric breakdown in the SiO 2 layer [8, 9] sandwiched between the two Si layers (see Fig. 1 ) for this purpose as shown in Fig. 1(d) .
In this structure, the application of the voltage V between the two electrodes results in the accumulation of positive and negative charges on the two sides of the SiO 2 layer (in the two Si layers) similar to a conventional parallel plate capacitor. The electric field (E) inside the SiO 2 layer is E V ∕d, with d being the thickness of the SiO 2 layer (60 nm in our case). Considering the breakdown field of SiO 2 (E bd ∼ 10 MV∕cm [10] ), the application of a voltage around V 60 V can result in the breakdown of the SiO 2 layer; resulting in a very high loss (and thus very low Q) in the resonator and negligible effect of the resonator on the transmission spectrum in the adjacent waveguide. 
To study the response of the device described in Fig. 1 , the transmission spectrum of the access waveguide is monitored for different applied voltages by launching the output light of a tunable laser (Agilent 81682A) into the access waveguide and collecting light out of it through a pair of grating couplers. The plotted data in Fig. 2(a) clearly show the modulation of the resonance wavelength of the resonator by the application of the voltage. The reason for this modulation is the accumulation of positive and negative charges on the two Si layers that results in a change in the index of refraction through the charge-induced plasma dispersion effect [9] . Also it can be seen from Fig. 2(a) that the resonance linewidth progressively widens from 400 to 500 pm as the applied voltage increases. This is due to the added free-carrier loss caused by the accumulated charge in Si [11] . The effect of the applied voltage in excess of 40 V is shown in Fig. 2(b) indicating that wavelength shifts up to ∼1 nm (from ∼1566.6 nm down to ∼1565.7 nm) are possible by accumulating enough charges on the Si layers. The required voltage for this shift can be drastically reduced by using a much thinner (compared to 60 nm) high-k dielectric material instead of SiO 2 between the two Si layers provided that the dielectric layer can withstand the stress. Moreover, as expected, after being exposed to a high-enough electric field, the dielectric layer starts to leak and eventually undergoes a permanent physical damage exhibiting excessive optical loss, which in turn renders the cavity optically inactive. Figure 2(b) shows that the resonance features disappear when V 44 V is applied. Comparing the transmission spectrum of this damaged device with that of the original one clearly shows the field-configuration possibility of this device.
Figure 2(c) shows the SEM of the top surface of the device where the metallic layer is completely melted and spilled all over the cladding on the resonator and waveguide. This could be explained by considering the relatively high thermal power dissipation on the electrodes via the joule-heating process during breakdown. During this high current transition, the Si and SiO 2 layers also undergo an irreversible physical destruction, which is considered the primary source of optical loss. Figure 2(d) clearly shows the permanent damage to the SiO 2 and the bottom Si layers, which is responsible for the effective removal of the spectral features of the corresponding resonator from the device characteristics. Similar devices can be fabricated in a more conventional substrate (such as SOI) featuring a vertical thin slot. On such a platform, the electrically induced breakdown scheme presented here can also be adopted for other integrated photonic structures (e.g., slot waveguides). In such settings atomic layer deposition can be used to infiltrate the slot with an appropriate dielectric material.
The simple programmable unit in Fig. 1 can be used as the building block in more complex field-programmable systems. As an example, Fig. 3(b) shows the schematic of a 2 × 2 programmable switch composed of two programmable optical resonators with matched resonance wavelengths, each coupled to an additional drop waveguide. The governing equation for the transmission spectrum of the access waveguide in such add/drop configuration is similar to Eq. (1). However the energy loss due to the additional (drop) waveguide contributes to the total resonator loss as well. The spectral response of the drop waveguide can be readily obtained as [7] :
where κ 1 and κ 2 are the coupling coefficients of the resonator to the access and drop waveguides, respectively. Also, α and ϕ have the same definition as those in Eq. (1). It can be seen that as the resonator loss becomes very high (or equivalently, as α → 0), the drop port transmission is effectively suppressed at all wavelengths. Thus, the state (burnt/not burnt) of each resonator can be configured so that either of the two input ports can be independently routed to any of the two output ports as shown by the operation table in Fig. 3(c) . Figure 3 (a) shows the optical micrograph of the actual device fabricated on a similar platform through the same steps mentioned earlier. However, for this device we did not etch the 50 nm pedestal away, so the blanket pedestal extends all over the chip. Also, a common ground electrode has been envisioned for both resonators to keep the device footprint small. In this design, resonators (6 μm in radius) are placed 180 and 200 nm away from the 450 nm wide add and drop waveguides, respectively. Focusing grating couplers with peak transmission wavelengths around 1570 nm were also incorporated at all waveguide input/output terminals. The spacing between input/output couplers was chosen according to our measurement setup constraints and no attempt has been made to minimize the overall footprint of the device (currently around 0.2 mm 2 ). Figure 4 shows the normalized transmission spectrum of the device in Fig. 3 at different stages of characterization. The data are normalized to the response of the input/output grating coupler on the device such that the coupling loss of the grating couplers and the propagation loss of the waveguides along with the scattering loss of the Y-junction are eliminated. Although, the two resonators are designed to have similar resonance wavelengths, postfabrication, characterization revealed that their resonance wavelengths differ by ∼1 nm due to fabrication imperfections [see Fig. (4) ]. To correct this fabricationinduced deviation, we used a scanning electron beam microscope (Zeiss Ultra60 FE-SEM) and exposed the cladding of the red-shifted resonator to 118 pA electron beam current [with extra high tension (EHT) voltage set at 20 kV] in four separate stages for 210 s in total. As can be seen in Fig. 4 , the resonance wavelength originally located at 1567.5 nm (dashed pale blue curve) was progressively reduced and successfully positioned within 10 pm of the other one at 1566.4 nm (solid blue and pink curves). After this postfabrication trimming process, the drop port of the device (Out.2) was characterized. Figure 4 shows the collected spectrum at the Out.2 port with input fibers positioned at the In.1 and In.2 ports (dark violet and dark green curves, respectively). Similarly the pale violate and pale green curves refer to the same measurements after their respective resonator is burnt. As can be seen in Fig. 4 both routes exhibit an on/off extinction ratio of more than 20 dB. Characteristics shown in Fig. 4 agree well with the operation table in Fig. 3(b) , and they clearly demonstrate the device functionality as a field-programmable 2 × 2 switch.
A similar approach, in conjunction with postfabrication trimming, can readily be adapted for demonstration of more intricate optical architectures with system-level functionalities, including field-programmable N × N optical switching, optical FGPA, passive spectrometers, field-programmable optical filters, etc. Fig. 4 . Normalized spectrum of the through port (Out.1) of the 2 × 2 switch in Fig. 3 during resonance trimming (dashed blue curves); the solid blue curve is the trimmed top cavity resonance which sits 10 pm away from the bottom cavity resonance (pink curve). Solid green and violet curves are the transmission spectra collected at the Out.2 port with the laser light launched in In.1 and In.2, respectively. The corresponding spectrum after resonance elimination are drawn in pale green and pale violet. The operation is in accordance with the operation table in Fig. 3(b) . The inset shows an SEM image of the fabricated device.
